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Figure  S1:  Related  data  to  Figure  1A-­D  (A)  Representative  heat  
maps   of   activity   during   WT   OFT.   (B)   Separated   channels   from  
representative   immunohistochemistry   shown   in   Fig.   1G.   hM4Di  
inhibition   of   LC  neurons   decreases   c-­fos   immunoreactivity   in   LC  
neurons  (Red=c-­fos,  green=tyrosine  hydroxylase,  Scale  bars=  100  

C)  Inhibition  of  LC-­NE  neurons  during  stress  blocks  stress-­
induced  anxiety  as  seen  in  entries  into  the  center  of  the  OFT.  Data  
represented   as   mean   ±   SEM,   n=8-­13/group:   One-­Way  ANOVA,  
Newman-­Keuls   post-­hoc,  No   stress/Cre-­   vs.  No   stress/Cre+,   not  
significant,  No  stress/Cre-­  vs.  Stress/Cre-­  **p<0.01,  No  stress/Cre-­  
vs.   Stress/Cre+,   not   significant,   No   stress/Cre+   vs.   Stress/Cre-­  
**p<0.01,   No   stress/Cre+   vs.   Stress/Cre+,   not   significant).
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Figure  S2:  High   tonic   LC-­NE  neuronal   activity   is   sufficient   to   induce  

anxiety-­like  behavior.  Related  data  to  Figure  3.  (A)    There  is  also  a  change  
in  mean  velocity  during   the  OFT  of  previously  photostimulated  mice.  Data  
represented  as  mean  ±  SEM,  ***<0.001,  n=14-­15/group.    (B)  There  is  also  no  
change   in   mean   velocity   during   the   photostimulation   in   the   OFT.   Data  
represented  as  mean  ±  SEM,  n=10/group.    (C)  Representative  immunohisto-­
chemistry  shows  selective  targeting  of  AAV5-­DIO-­eYFP  to  DBH+  LC  neurons  
of   Th-­CreLC:eYFP   controls      (Red=   dopamine   beta   hydroxylase,   green=DIO-­
eYFP,  scale  bars=  100  µm.    (D)  Fiber  optic  tip  placements  for  the  OFT  and  
EZM  experiments.  Animals  were  excluded  if  the  tip  ended  >1  mm  dorsal  of  
the  LC  or  any  caused  significant  lesion  to  the  LC  or  4th  ventricle.  For  clarity,  
only  hits  of  included  mice  for  this  experiment  are  shown.  
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Figure  S3:  LC-­NE  photostimulation  drives  both  real-­time  and  learned  aversions.  
Related  data  to  Figure  4  (A)  Representative  traces  of  behavior  at  different  frequen-­
cies   for   the   Th-­CreLC:eYFP   animals.   (B)   Fiber   optic   tip   placements   for   the   RTPT  
frequency-­response  experiment.  Animals  were  excluded  if  the  tip  ended  >1  mm  dorsal  

of  the  LC  or  any  caused  significant  lesion  to  the  LC  or  4th  ventricle.  For  clarity,  only  hits  

of   included  mice   for   this   experiment   are   shown.      (C)      Phasic   stimulation   does   not  
significantly  alter  locomotor  activity,  n=6/group.  (D)  Representative  traces  of  behavior  
for  the  phasic  regimes.  (E)  Representative  traces  of  of  Th-­CreLC:eYFP  behavior  for  the  
CPA  assay  in  the  pre-­  and  post-­test.  
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Figure  S4:  Cre-­dependent  tdTomato  expression  in  adult  Ai9  X  Gal-­Cre  mice.  Related  data  to  Figure  5A  &  B.  (A)  Images  show  
Cre-­dependent  reporter  expression  in  adult  Ai9  X  Gal-­Cre  mice  (left  panel),  in  situ  hybridization  for  Gal  in  adult  WT  mice  from  the  Allen  
Institute  (middle  panel),  and  in  situ  hybridization  for  Gal  in  P14  WT  mice  from  the  Allen  Institute  (right  panel)  for  the  (A)  locus  coeruleus,  
(B)  hippocampus,  (C)  anteroventral  thalamus,  and  (D)  basolateral  and  basomedial  amygdala.  We  did  observe  any  regions  that  contain  
Cre-­dependent  reporter  expression  that  were  not  positive  for  Gal  mRNA  at  some  stage  in  development  or  in  the  adult  animal.
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Figure  S5:  Gal-­Cre  mice  can  be  used  to  effectively  target  a  subset  of  LC  neurons.  Related  data  to  Figure  5D&E.  (A)  Representa-­
tive  immunohstochemistry  show  selective  targeting  of  ChR2-­eYFP  to  DBH+  LC  neurons  in  Th-­Cre  mice  (Red=  tyrosine  hydroxylase,  

B)   Representative   immunohistochemistry   show   selective   targeting   of  ChR2-­eYFP   to   a  
subset  of  DBH+  LC  neurons  in  Gal C)  High-­power  
confocal  micrograph  depicting  ChR2-­eYFP  membrane  labeling  in  Gal
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Figure   S6:   Retrograde   fluorogold   labeling   in   various   forebrain   regions   and  
anterograde  viral  labeling.  Related  data  to  Figure  6  (A)  Cartoon  depicting  fluorgold  
tracing  strategy.  Representative  images  shows  retrograde  labeling  throughout  in  the  

(B)   lateral   hypothalamus   (LH),   (C)            paraventricular   nucleus   of   the   hypothalamus  
(PVN),  (D)  auditory  cortex  (Aud  Ctx),    and  (E)  frontal  association  (FrA)  and  prelimbic  
cortex  (PrL  Ctx)  paraventricular  nucleus  of  the  hypothalamus.  In  all  images,  fluorogold  

is  psuedocolored  red  and  Nissl  is  in  grey.  All  scale  bars  are  100  µm.  (F  and  G)  Coronal  
images  depict  robust  eYFP  labeling  in  the  CeA  and  LC  of  the  same  mouse.  All  scale  

bars  are  100  µm.  +  is  in  4th  ventricle.
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Extended Experimental Procedures 

Experimental subjects & Stereotaxic surgery 	
  

Adult (25–35 g) male C57BL/6J, TH-IRES-Cre, Crh-IRES-Cre, and Gal-Cre (all backcrossed to 

C57BL/6J mice for ~10 generations) were group-housed, given access to food pellets and water 

ad libitum and maintained on a 12 h:12 h light:dark cycle (lights on at 7:00 AM). Animals were 

held in a sound attenuated holding room facility in the lab 1 week prior to surgery, post-surgery 

and throughout the duration of the behavioral assays to minimize stress from transportation and 

disruption from foot traffic.  All mice were handled and, where appropriate, connected to fiber 

optics and/or tubing two times a day for one week prior to experimental testing. All procedures 

were approved by the Animal Care and Use Committee of Washington University and 

conformed to US National Institutes of Health guidelines. 

Stereotaxic surgery  

After the animals were acclimated to the holding facility for seven to nine days, they were 

anaesthetized in an induction chamber (4% Isolflurane) and placed in a stereotaxic frame (Kopf 

Instruments, Model 1900) where they were maintained at 1-2% isoflurane. A craniotomy was 

performed and mice were injected with 500 nl of AAV5-DIO-HM4Di, AAV5-DIO-ChR2 or AAV5-

DIO-eYFP, Fluorogold, or CTB-594 unilaterally into the LC (stereotaxic coordinates from 

bregma: -5.45 anterior-posterior (AP), +/−1.25 medial-lateral (ML), −4.00 mm dorsal-ventral 

(DV)), or the CeA (-1.25 AP, +/- 2.75 ML, -4.75 DV). Mice were then implanted with metal 

cannula (PlasticsOne; coordinates adjusted from viral injection 0.00 AP, +/- 0.25 ML, +1.00 DV) 

or fiber optic implants (coordinates adjusted from viral injection 0.00 AP, +/- 0.25 ML, +1.00 

DV)(Carter et al., 2010). Custom adapters (WUSTL Instrument Machine Shop) for the Kopf 

cannula holder (Model 1966) were used to implant the fiber optics(Sparta et al., 2011). The 

implants were secured using two bone screws (CMA, 743102) and affixed with dental cement 
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(Lang Dental). Mice were allowed to recover for 3-6 weeks prior to behavioral testing; this 

interval also permitted optimal AAV expression and Cre recombinase activity.  

 

Viral preparation 

Plasmids coding pAAV-EF1α-DIO-EFYP and pAAV-EF1α-double floxed-

hChR2(H134R)-EYFP-WPRE-HGHpA, were obtained from Addgene (Addgene.org) 

originally from the Deisseroth Laboratory at Stanford University. The DNA was amplified 

with a Maxiprep kit (Promega) and packaged into AAV5 serotyped viruses by the 

WUSTL Hope Center Viral Core. The final viral concentration was 2-5 x 1012 genome 

vg/mL for the adeno-associated viruses. AAV5-EF1α-DIO-HM4Di-mCherry was 

purchased directly from the UNC Vector Core. 

 

Plasmid Source Packaged by Serotype Titer 

pAAV-EF1α-DIO-
EFYP 

Deisseroth 
Laboratory 
(Stanford) 

WUSTL Hope 
Center Viral 
Core 

AAV5 5 x 10^12 vg/ml 

pAAV-EF1α-
double floxed-
hChR2(H134R)-
EYFP-WPRE-
HGHpA 

Deisseroth 
Laboratory 
(Stanford) 

WUSTL Hope 
Center Viral 
Core 

AAV5 2 x 10^13 vg/ml 

AAV5-EF1α-DIO-
HM4Di-mCherry 

Roth Laboratory 
(UNC) 

UNC Vector 
Core 

AAV5 3x10^12 VM/mL 

 

	
  

Stress-induced anxiety paradigm 
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Mice assigned to stress groups were restrained in 50 ml disposable conical tubes that 

were adapted for this purpose by drilling holes to permit air circulation and for the tail to 

be extended. For acute stress-induced anxiety-like behavior, mice were immobilized in 

the tube once for 30 minutes (Chmielarz et al., 2013; Schaefer et al., 2000; Sim et al., 

2013). Immediately following stress, animals were transferred to the open field (see 

below). Fecal boli were collected from both the tube and the open field. For the hM4Di 

experiments, mice were injected with CNO (10 mg/kg, i.p., 30 min prior to exposure to 

the restraint tube) (Armbruster et al., 2007; Li et al., 2013; Mahler et al., 2014; Penzo et 

al., 2015; Vazey and Aston-Jones, 2014). For the CRF antagonism experiment, mice 

were injected with Antalarmin HCl (10 mg/kg, i.p., 30 min prior to exposure to the 

restraint tube).  

 

Open Field Test (OFT) 

OFT testing was performed in a square enclosure (50 x 50 cm) within a sound 

attenuated room maintained at 23ºC. Lighting was measured and stabilized at ~25 lux. 

For stress-induced experiments, we followed the above paradigm immediately prior to a 

20 minute test. For optogenetic experiments, we connected Th-CreLC:ChR2 or Th-

CreLC:eYFP mice to fiber optic cables and placed them in the center of the open field and 

allowed them to roam freely for 21 min. Photostimulation alternated between off and on 

states in 3 min time segments, beginning with 3 min of no stimulation. For the 

photostimulated time segments, animals received 5 Hz (10 ms width) photostimulation 

(~10 mW light power). The open field was cleaned with 70% ethanol between each trial. 

Movements were video recorded and analyzed using Ethovision 8.5 (Noldus Information 
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Technologies, Leesburg, VA). The center was defined as a square comprised of 50% 

the total area of the OFT. Time in the center was the primary measure of anxiety-like 

behaviors.  

 

Elevated Zero Maze (EZM) 

EZM testing was performed in a sound attenuated room maintained at 23ºC at 200 

lux(Bruchas et al., 2009; Kim et al., 2013b), and trials were performed in the afternoon 

between 13:00–16:00 hr. The EZM (Harvard Apparatus, Holliston, MA) had the 

following dimensions: 200 cm in circumference comprised of four 50 cm sections: two 

opened and two closed. The maze was elevated 50 cm above the floor, with a path 

width of 4 cm and a 0.5 cm lip on each open section. The maze was cleaned with 70% 

ethanol between trials. Prior to testing, Th-CreLC:ChR2, Th-CreLC:eYFP, Crh-CreCeA-LC:ChR2, 

or Crh-CreCeA-LC:eYFP  were connected to the fiber optic and placed at the threshold of a 

closed section facing the open section and allowed to roam freely for 7 min. Th-Cre 

animals received 5 Hz (10 ms width) and Crh-Cre animals received 10 Hz (10 ms width) 

photostimulation (~10 mW light power). For α1- and β−adrenergic antagonism, mice 

were injected with saline vehicle, Propranolol (10 mg/kg, i.p, Tocris) (Al-Hasani et al., 

2013; Shanks et al., 1966)  or Prazosin (1 mg/kg, Sigma) (Bortolozzi and Artigas, 2003; 

Graham et al., 1977) 30 minutes prior to behavior (Bortolozzi and Artigas, 2003; Al-

Hasani et al., 2013). For the CRFR1 antagonism experiments, mice were injected into 

the LC with α-helical CRF (1 µg, intra-LC, one hour prior to behavior, Tocris) or 

Antalarmin HCl (10 mg/kg, i.p., 30 min prior to behavior, Sigma). Movements were video 

recorded and analyzed using Ethovision 8.5 (Noldus Information Technologies, 
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Leesburg, VA). Open section time and entries into the open section following a one-

minute habituation were the primary measures of anxiety-like behaviors.  

 

Real-time Place Testing 

Animals were placed in a custom-made unbiased, balanced two-compartment conditioning 

apparatus (52.5 x 25.5 x 25.5 cm) as described previously (Jennings et al., 2013; Kim et al., 

2013a; Siuda et al., 2015; Stamatakis and Stuber, 2012; Stamatakis et al., 2013; Tan et al., 

2012). Mice were allowed to freely roam the entire apparatus for 20 min. Entry into one 

compartment triggered photostimulation of various frequencies (0, 1, 2, 5, 10 Hz, etc.) while the 

animal remained in the light-paired chamber. Entry into the other chamber ended the 

photostimulation. For α1- and β−adrenergic antagonism, mice were injected with saline vehicle, 

Propranolol (10 mg/kg, i.p, Tocris) (Al-Hasani et al., 2013; Shanks et al., 1966) or Prazosin (1 

mg/kg, Sigma) (Bortolozzi and Artigas, 2003; Graham et al., 1977) 30 minutes prior to behavior. 

 

Conditioned Place Aversion 

Th-CreLC:ChR2, Th-CreLC:eYFP, Crh-CreCeA-LC:ChR2, or Crh-CreCeA-LC:eYFP animals were trained in an 

unbiased, balanced three-compartment conditioning apparatus as described (Bruchas et al., 

2009; Al-Hasani et al., 2013; Land et al., 2008, 2009). Briefly, mice were pre-tested by placing 

individual animals in the small central compartment and allowing them to explore the entire 

apparatus for 30 min. Time spent in each compartment was recorded with a video camera 

(ZR90; Canon) and analyzed using Ethovision 8.5 (Noldus). Mice were randomly assigned to 

photostimulation and no-photostimulation compartments and received no photostimulation in the 

morning and photostimulation (Th-CreLC:ChR2: 5 Hz, 10 ms pulses; Crh-CreCeA-LC:ChR2: 10 Hz, 10 
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ms pulses) in the afternoon at least 4 h after the morning training on two consecutive days. CPA 

was assessed on day 4 by allowing the mice to roam freely in all three compartments and 

recording the time spent in each. Scores were calculated by subtracting the time spent in the 

photostimulation-paired compartment post-test minus the pre-test. 

	
  

Immunohistochemistry  

Immunohistochemistry was performed as described (Al-Hasani et al., 2013; Kim et al., 2013b). 

Briefly, mice were anesthetized with pentobarbital and transcardially perfused with ice-cold 4% 

paraformaldehyde in phosphate buffer (PB). Brains were dissected, post-fixed for 24 hr at 4 ºC 

and cryoprotected with solution of 30% sucrose in 0.1M PB at 4ºC for at least 24 hr, cut into 30 

µm sections and processed for immunostaining. 30 µm brain sections were washed three times 

in PBS and blocked in PBS containing 0.5% Triton X-100 and 5% normal goat serum. Sections 

were then incubated for ~16 hr at room temperature in rabbit anti c-fos antibody (1:500, Santa 

Cruz), rabbit anti-DBH (1:2000, Millipore) and/or chicken anti-TH (1:2000, Aves Labs). Following 

incubation, sections were washed three times in PBS and then incubated for 2 hr at room 

temperature in Alexa Fluor 488 goat anti-mouse IgG (1:500, Invitrogen), Alexa Fluor 594 goat 

anti-rabbit IgG (1:500, Invitrogen), and/or goat anti-chicken Alexa Fluor 633(1:500, Invitrogen) 

were then washed three times in PBS and followed by three 10-min rinses in PB and mounted 

on glass slides with Hardset Vectashield (Vector Labs) for microscopy. All sections were imaged 

on both epifluorescent and confocal microscopes. Gain and exposure time were constant 

throughout each experiment, and all image groups were processed in parallel using Adobe 

Photoshop CS5 (Adobe Systems). IHC was quantified as previously described (Al-Hasani et al., 

2013; Kim et al., 2013b). Briefly, channels were separated, an exclusive threshold was set, and 

positive staining for each channel was counted in a blind-to-treatment fashion using Metamorph. 

The counts from each channel were then overlaid and percent of co-labeled cells were reported. 
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Antibody Species Dilution Source 

TH Chicken 1:2000 Aves Labs 

c-fos Rabbit 1:500 Santa Cruz 

DBH Rabbit 1:2000 Millipore 

Alexa Fluor 488 anti-
mouse IgG 

Goat 1:500 Invitrogen 

Alexa Fluor 594 anti-
rabbit IgG 

Goat 1:500 Invitrogen 

Alexa Fluor 633 anti-
chicken IgG 

Goat 1:500 Invitrogen 

Alexa Fluor 594 anti-
chicken IgG 

Goat 1:500 Invitrogen 

 

Anatomical tracing  

For retrograde tracing experiments (Fluorogold and CTB-594), the tracer was injected 

and the animal was allowed to recover for six days before perfusion. For anterograde 

viral tracing, the virus was injected and the animal was allowed to recover for six weeks 

before perfusion. 

 

Slice electrophysiology preparation and solutions 

Following anesthesia, horizontal midbrain slices containing the LC (240 µm) were cut in ice-cold 

sucrose cutting solution that contained (mM): 75 NaCl, 2.5 KCl, 6 MgCl2, 0.1 CaCl2, 1.2 

NaH2PO4, 25 NaHC03, 2.5 D-glucose, 50 sucrose; bubbled with 95% O2/5% CO2.  Slices were 

incubated post-cutting at 35°C in oxygenated 95% O2/5% CO2 ACSF solution that contained 

(mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3, 11.1 D-glucose for 
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45 minutes before recording.  During incubation, 10 µM MK-801 was included to reduce 

excitotoxicity and increase slice viability.  Following incubation, slices were placed in a recording 

chamber and constantly perfused with warm ACSF (34 ± 2°C) containing 100 µM picrotoxin, 

10 µM DNQX and 1 µM idazoxan at 2 ml/min. Neurons were visualized with a BXWI51 

microscope (Olympus) with infrared custom-built gradient contrast optics. 

 

Slice electrophysiology 

Whole-cell current-clamp recordings were made as described (Courtney and Ford, 2014) using 

an Axopatch 200B amplifier (Molecular Devices). Data was acquired using an ITC-18 interface 

(Instrutech) and Axograph X (Axograph Scientific) at 10 KHz and filtered to 2 KHz for voltage-

clamp recordings. Widefield activation of ChR2 was activated with collimated light from a LED 

(470 nm, ~1 mW) through the 40x water immersion objective. Patch pipettes (1.5-2 MW) were 

pulled from borosilicate glass (World Precision Instruments). For whole cell recordings of ChR2 

currents and action potentials in LC neurons the extracellular solution contained 100 mM 

picrotoxin, 10 µM DNQX and 1 µM idazoxan, and the intracellular pipette solution contained 115 

mM K-methylsulphate, 20 mM NaCl, 1.5 mM MgCl2, 10 mM HEPES(K), 10 mM BAPTA-

tetrapotassium, 1mg/ml ATP, 0.1 mg/ml GTP, and 1.5 mg/ml phosphocreatine (pH 7.4, 275 

mOsm). To examine potential synaptic events driven by optogenetic stimulation of CRH 

terminals in the LC, recordings were made in the absence of synaptic receptor antagonists and 

the intracellular pipette solutions contained 58 mM K-methylsulphate, 58 mM KCl, 20 mM NaCl, 

1.5 mM MgCl2, 10 mM HEPES(K), 0.1 mM EGTA, 1mg/ml ATP, 0.1 mg/ml GTP, and 1.5 mg/ml 

phosphocreatine (pH 7.4, 275 mOsm).  Flash pulses were 3 ms. To confirm that 

photostimulation of terminals arising from the CeA did not evoke measurable synaptic events, 
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recordings were also made in a subset of trials (n = 5) in the presence of TTX (500 nM), 4-AP 

(100 µM) and antalarmin (10 µM).  

 

Genotyping of mouse lines  

 DNA was isolated from tail tissue obtained from weanling mice (21-28 days of age), and PCR 

screening was performed using the following primers: Cre recombinase (forward: 5’- GCA TTA 

CCG GTC GAT GCA ACG AGT GAT GAG-3’ and reverse: 5’- GAG TGA ACG AAC CTG GTC 

GAA ATC AGT GCG-3’) yielding a 400-bp PCR product in Cre positive animals. Fatty acid-

binding protein intestinal primers (forward: 5’- TGG ACA GGA CTG GAC CTC TGC TTT CCT 

AGA-3’ and reverse: 5’- TAG AGC TTT GCC ACA TCA CAG GTC ATT CAG-3’) were used as 

positive controls and yield a 200-bp PCR product. 

 

Supplemental Movie Legend 

Movie S1. Animated confocal z-stack illustrating Crh+ innervation (eYFP; green) medial 

and lateral to as well as within LC-NE neurons (DBH; red). 
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